Glucocorticoids, major end effectors of the stress response, play an essential role in the homeostasis of the central nervous system (CNS) and contribute to memory consolidation and emotional control through their intracellular receptors, the glucocorticoid and mineralocorticoid receptors. Cyclin-dependent kinase 5 (CDK5), on the other hand, plays important roles in the morphogenesis and functions of the central nervous system, and its aberrant activation has been associated with development of neurodegenerative disorders. We previously reported that CDK5 phosphorylated the glucocorticoid receptor and modulated its transcriptional activity. Here we found that CDK5 also regulated mineralocorticoid receptor-induced transcriptional activity by phosphorylating multiple serine and threonine residues located in its N-terminal domain through physical interaction. Aldosterone and dexamethasone, respectively, increased and suppressed mRNA/protein expression of brain-derived neurotrophic factor (BDNF) in rat cortical neuronal cells, whereas the endogenous glucocorticoid corticosterone showed a biphasic effect. CDK5 enhanced the effect of aldosterone and dexamethasone on BDNF expression. Because this neurotrophic factor plays critical roles in neuronal viability, synaptic plasticity, consolidation of memory, and emotional changes, we suggest that aberrant activation of CDK5 might influence these functions through corticosteroid receptors/BDNF. (Molecular Endocrinology 24: 941-952, 2010) (5):941-952 mend.endojournals.org 941 Downloaded from https://academic.oup.com/mend/article-abstract/24/5/941/2706136 by guest on 27 September 2019 942 Kino et al. CDK5 Regulates MR Activity Mol Endocrinol, May 2010, 24(5):941-952 Downloaded from https://academic.oup.com/mend/article-abstract/24/5/941/2706136 by guest on 27 September 2019 944 Kino et al. CDK5 Regulates MR Activity Mol Endocrinol, May 2010, 24(5):941-952 Downloaded from https://academic.oup.com/mend/article-abstract/24/5/941/2706136 by guest on 27 September 2019 Kino et al. CDK5 Regulates MR Activity Mol Endocrinol, May 2010, 24(5):941-952 Downloaded from https://academic.oup.com/mend/article-abstract/24/5/941/2706136 by guest on 27 September 2019
G lucocorticoids, steroid hormones secreted from the adrenal cortices, play essential roles in the homeostasis of the central nervous system (CNS) (1, 2) . Indeed, these hormones regulate cognition, memory and mood, and influence the anatomic structure of the brain and differentiation/survival/apoptosis of neurons (3, 4) . Most known effects of glucocorticoids in CNS are mediated by the glucocorticoid (GR) and mineralocorticoid (MR) receptors, both of which belong to the nuclear receptor superfamily, functioning as hormone-dependent transcription factors (5) . After binding to agonist ligands, the cytoplasmic GR and MR dissociate from several heat shock proteins with which they are complexed, enter into the nucleus in an energy-dependent manner, and ultimately modulate the transcriptional activity of their responsive genes (6) . Inside the nucleus, these receptors bind their cognate DNA-binding sequences, the glucocorticoid and mineralocorticoid response elements located in the regulatory regions of glucocorticoid-and mineralocorticoid-responsive genes (5) . Promoter-bound GR and MR initiate transcription of downstream coding sequences by associating with numerous coactivator complexes and chromatin-remodeling factors, as well as the RNA polymerase II and its ancillary factors, through their transactivation domains, located in their N-terminal (NTD) and ligand-binding (LBD) domains, respectively (5) (6) (7) (8) .
GR and MR are evolutionarily close, having diverged from each other from an ancestral corticoid receptor approximately 350 million years ago (9, 10) . Thus, these receptors have major homologies at their DNA-binding domain (DBD) (94%) and LBD (57%), and share many responsive genes, as well as ligands with different binding affinities (11, 12) . Interestingly, the MR binds the endogenous glucocorticoid cortisol or corticosterone with higher affinity than the GR in the absence of the cortisolinactivating enzyme 11␤-hydroxysteroid dehydrogenase type 2 (11␤HSD2) (11) . GR and MR, however, regardless of the presence or absence of 11␤HSD2, are stimulated by their specific ligands, e.g. dexamethasone and aldosterone, respectively (11) . In contrast to the DBDs and LBDs of the two receptors, their NTDs have much less sequence homology (Ͻ15%), thus adding specificity to the transcriptional effects of the two receptors by utilizing distinct activation domains of their NTDs (12) . These pieces of evidence indicate that in some areas of the brain, in the absence of 11␤HSD2, the MR acts as a second glucocorticoid receptor regulating the expression of various target genes with different transcriptional potencies from the GR in response to cortisol/corticosterone, or in association with its specific ligand aldosterone.
Cyclin-dependent kinase 5 (CDK5), a member of the CDK-dependent kinase family of serine/threonine kinases, is essential for neuronal morphogenesis, function and survival, by regulating numerous important functions, such as synaptic transmission and plasticity, neuronal migration, cell adhesion, axon guidance, membrane transport, and actin dynamics (13, 14) . CDK5 is expressed ubiquitously in many tissues; however, its activity is restricted primarily to the nervous system due to neuron-specific expression of its activator molecules p35 and p39 (15, 16) . In addition to these physiological roles of CDK5, recent evidence suggests that aberrant CDK5 activation caused by proteolytic conversion of p35 to p25 plays a role in the pathogenesis of neurodegenerative disorders, such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis (17) (18) (19) (20) (21) (22) . In these disorders, cellular stress-mediated calpain-directed proteolysis of p35 deprives the membrane-associated p35 of an Nterminal myristoylated membrane tether, releasing p25 into the cytoplasm where it hyperactivates the kinase activity of CDK5 (23, 24) .
We previously reported that CDK5 modulates the transcriptional activity of the GR by interacting with its LBD and phosphorylating multiple serine residues located in its NTD transactivation domain (25) . In this manuscript, we examined the effect of CDK5 on the MR and found that this enzyme also interacted with this receptor, phosphorylated the serine and threonine residues located in its NTD, and modulated transcriptional activity similarly to the GR. We also found that both GR and MR modulated expression of brain-derived neurotrophic factor (BDNF), and CDK5 further altered their effects on this pivotal CNS molecule. Our results thus suggest that CDK5 might influence formation/alteration of memory and mood by affecting differential effects of glucocorticoids on BDNF expression.
Results

CDK5 modulates MR-induced transcriptional activity in a kinase activity-dependent fashion
We examined the effect of CDK5/p35 and CDK5/p25 on MR-induced transcriptional activity of the glucocorticoidand mineralocorticoid-responsive mouse mammary tumor virus (MMTV) promoter in GR-and MR-deficient HCT116 cells upon transfection with MR-expressing plasmids together with those of CDK5 and p35/p25 ( Fig. 1A ). CDK5 and p35 or p25 suppressed, in a dose-dependent manner, aldosterone-induced MR transcriptional activity on the promoter, whereas the dominant-negative mutant CDK5D144N, defective in the kinase activity, failed to do so. The suppressive effect of CDK5 on MR-induced transactivation of the MMTV promoter was stronger when it was coexpressed with p25 than with p35, consistent with previous report that p25 is much stronger in the activation of CDK5 kinase activity than p35 (14, 26) . Expression levels of MR in the presence of aldosterone were similar throughout the experiment (Fig. 1A , bottom panel), whereas CDK5 did not affect aldosterone-induced nuclear translocation of MR ( Fig. 1B) . These results indicate that CDK5 modulates MR-induced transcriptional activity in a kinase activity-dependent fashion, similarly to its effect on the GR.
CDK5 interacts with LBD of the MR in vitro and is associated with this receptor in a ligand-dependent fashion in vivo
We tested the interaction of CDK5, p25, and p35 with MR in glutathione-S-transferase (GST) pull-down assays ( Fig. 2A ). As expected, these molecules interacted with MR in an aldosterone-dependent fashion where p25 showed the strongest interaction. We also examined the interaction of p35 and MR in a yeast two-hybrid assay and found that a portion of p35 enclosed in amino acids 190-307 was associated with LBD in an aldosterone-dependent fashion, but not with its DBD or NTD ( Fig. 2B , left panels). The full-length MR or its domains employed in the yeast two-hybrid assay were associated with fulllength GR-interacting protein 1 (GRIP1), its nuclear receptor-binding domain (NRB) or C-terminal domains, or histone deacetylase 3 (HDAC3) ( Fig. 2B, right panel) . Thus, these MR domains expressed in yeast were functional, as they interacted, respectively, with the GRIP1 and HDAC3, which are coregulator molecules already known to interact with these domains of steroid hormone receptors (7, 27) . CDK5 and p35 were also associated with MR in an aldosterone-dependent fashion in a coimmunoprecipitation assay (Fig. 2C ). Importantly, the CDK5/p35 and MR protein complex formed in response to aldosterone did not include GR in rat primary cortical neuronal cells ( Fig. 2C , fourth top gel), although MR has been reported to form a heterodimer with GR (28, 29) . Sole expression of MR or GR in HCT116 cells, which are devoid of both of these receptors, also supported fully interaction of these receptors with CDK5/p35 ( Fig. 2D) . Thus, the MR indeed forms a ternary complex with CDK5/p35 independently of the GR. Taken together, these results suggest that CDK5 suppresses MR-induced transcriptional activity by physically interacting with MR LBD via p35 or p25.
CDK5 phosphorylates the MR in vitro and in vivo and modulates MR-induced transcriptional activity though phosphorylation of this receptor
Because CDK5 suppressed MR-induced transcriptional activity in its kinase activity-dependent fashion, we examined phosphorylation of MR by CDK5 with phospho-mass spectrometry analysis. A representative mass spectrometry result for the phosphorylation of GST-fused human (h)MR (1-602) by CDK5 is shown in Fig. 3A , whereas amino acid residues of GST-fused hGR (1-490) and hMR (1-602) phosphorylated by CDK5 in vitro are shown in Tables 1 and 2, respectively. In this analysis, we found that CDK5 phosphorylated serines 45 and 203 of hGR (1-490), which we identified as the residues phosphorylated by this kinase in our previous report (25) , suggesting that the in vitro phosphorylation system correctly identified phosphorylated residues. In addition to these residues, we also found that serines 25 and 267 of the GR, which were not recognized in the previous report (25) , were also phosphorylated by CDK5. Using the same method, we employed a GST-fused hMR (1-602) that contained NTD of this receptor and found that serine 250 and threonine 159 of the MR fragment were phosphorylated by CDK5. Indeed, these residues are in the consensus sequences of CDK5 phosphorylation sites (14, 30 -32) . Therefore, we introduced multiple mutations replacing these serine and threonine into alanine and examined the effect of CDK5/p35 on their transcriptional activity on the MMTV promoter in HCT116 cells. Because serine 128 is also in the perfect motif of CDK5 phosphorylation sites, we mutated this residue to alanine as well. Single replacement of serines 128 and 250 or threonine 159 mildly reduced the suppressive effect of CDK5/p25 on these mutant MRs, whereas double mutations of these amino acid residues strongly attenuated the negative effect of CDK5 ( Fig. 3B, top panel) . Replacement of all three amino acids by alanine completely abolished CDK5 effect on the mutant MR-induced transcriptional activity. We also obtained similar results by using p35 instead of p25 in combination with CDK5 (data not shown). Mutant MRs employed in this experiment accumulated in the nucleus in similar amounts in response to aldosterone (Fig. 3B, bottom panel) . These results indicate that serines 128 and 250 and threonine 159 of the MR play critical roles in the CDK5/p25-induced suppression of MR transcriptional activity. We next examined CDK5-induced phosphorylation of these serine and threonine residues by coprecipitating MR with anti-MR antibody and by probing with an antibody specific for phosphorylated serine or threonine residues.
CDK5-induced phosphorylations of the MR were dependent on the presence of serines 128 and 250 and threonine 159 in HCT116 cells transfected with wild-type MR or MR mutants with nonphosphorylating (alanine) amino acid residues (Fig. 3C ). The CDK5 inhibitor roscovitine (25, (33) (34) (35) almost completely abolished aldosterone-dependent phosphorylation of MR in rat primary cortical neuronal cells (Fig. 3D ). These results suggest that CDK5 phosphorylates serines 128 and 250 and threonine 159 of the MR in an aldosterone-dependent fashion at the cellular level. Because these serines and threonine residues are located in the transactivation domain of the MR NTD (36), it appears that phosphorylation by CDK5 modu-
FIG. 2. CDK5 and MR interact with each other in vitro and in vivo.
A, MR interacts with GST-fused CDK5, p35, and p25 in a ligand-dependent fashion in a GST pull-down assay. In vitro translated and 35 S-labeled MR was incubated with bacterially produced and purified GST-fused proteins on GST beads in the presence and absence of 10 Ϫ6 M aldosterone (Aldo). Radiolabeled MR associated with GST-fusion proteins was visualized in SDS-PAGE gels; 8% of MR used for the reaction was loaded as input. B, MR interacts with p35 through its LBD in an Aldo-dependent fashion in a yeast two-hybrid assay. EGY48 yeast cells were transformed with p8OP-LacZ, pB42AD-p35 (1-307) -p35 (90-307), -p35 (1-191) -p35 (190-307), GRIP1-C, GRIP1-NRB, GRIP1-FL, or HDAC3, and pLexA-MR (1-984), -MR (1-602), -MR (602-670), or -MR (668-984) and incubated with 10 Ϫ6 M Aldo. The results of the interaction between MR domains and p35 fragments were shown in the left panel. The interaction of these MR domains in the presence of 10 Ϫ8 M Aldo with molecules already known to bind them is shown in the right panel to demonstrate the integrity of the expressed MR-related proteins. Basal ␤-galactosidase activities of MR NTD, DBD, LBD, and FL in the absence of their interactors are 33,009 Ϯ 2147, 212 Ϯ 9, 44,349 Ϯ 983, and 69,662 Ϯ 2862 (mean Ϯ SE, unit/OD 600 nm), respectively. Bars represent the mean Ϯ SE values of fold activation compared with baseline (left panel, the value obtained in the presence of pLexA, pB42AD-p35, and p8OP-LacZ and in the absence of aldosterone; right panel, the value obtained in the absence of interactors). C, Carboxyl terminal. Panel C, MR is associated with CDK5 and p35 in a ligand-dependent fashion in rat primary cortical neuronal cells. Rat primary cortical neuronal cells were incubated in the presence and absence of 10 Ϫ8 M Aldo for 1 h, and coimmunoprecipitation was carried out by using the antibodies (Ab) indicated. The results of coimmunoprecipitation are shown in the top four gels, whereas expression levels of CDK5, p35, MR, and GR are shown in Western blots in the bottom four gels by loading 10% of cell lysates used for the coimmunoprecipitation reactions. D, MR and GR, respectively, form a protein complex with CDK5 and p35 in a ligand-dependent fashion in HCT116 cells. HCT116 cells were transfected with the indicated protein-expressing plasmids and were treated with 10 Ϫ8 M Aldo or 10 Ϫ6 M dexamethasone (Dex) for 1 h. Coimmunoprecipitation was performed by using anti-CDK5 antibody, and precipitated MR, GR, CDK5, and p35 were examined (third top and bottom two gels). Expressed MR and GR were also shown in Western blots in second and fourth top gels by loading 10% of cell lysates used for the coimmunoprecipitation reactions. IP, Immunoprecipitation. lates MR transcriptional activity by affecting the interaction of cofactors to this MR activation domain similar to the GR (25) .
We next examined the biological consequence of CDK5-mediated modulation of MR-induced transcriptional activity by testing its inhibitor roscovitine on rat primary cortical neuronal cells treated with aldosterone or dexamethasone. We focused on the BDNF, because this factor plays essential roles in the long-term survival/ differentiation of neurons, as well as their cellular architecture and synaptic plasticity, and thus, is crucial for the long-term potentiation and memory formation (37) , which MR and GR strongly influence (2) . In neurons, the effects of BDNF are mediated by two cell surface receptors, the receptor tyrosine kinase B (TrkB) and the lowaffinity p75 neurotropin receptor (p75NTR) (37) . In these cells, aldosterone induced BDNF mRNA expression by 3-fold after 12 h of exposure, whereas dexamethasone suppressed it by up to 50% in a similar time course ( Fig.  4A ). During the treatment, mRNA expression of TrkB, CDK5, and p35 was not altered, whereas that of the p75NTR was mildly stimulated by these steroids. Eplerenone and RU 486, receptor antagonists specific to MR and GR, respectively, completely blocked the effect of aldosterone or dexamethasone on BDNF mRNA expression in these cells ( Fig. 4B ), indicating that alteration of this mRNA expression by these steroids are mediated by the MR and GR, respectively. We also examined the effect of these hormones on the secretion of BDNF from these cells and found that aldosterone and dexamethasone, respectively, increased and decreased concentrations of BDNF in the medium, whereas eplerenone and RU 486 abolished their effects ( Fig. 4C ). In the titration analyses, aldosterone increased, whereas dexamethasone suppressed BDNF secretion into the medium of rat primary cortical neuronal cells ( Fig. 4D ). Corticosterone, an endogenous glucocorticoid that can activate both GR and MR, demonstrated a biphasic effect on the BDNF secretion in the medium, stimulating it at lower concentrations and suppressing it at higher concentrations. Eplerenone abolished the positive effect of corticosterone on BDNF secretion observed at its lower concentrations, whereas RU 486 eliminated the negative effect of this steroid seen at its higher concentrations ( Fig. 4D ), suggesting that corticosterone has a biphasic effect on BDNF secretion by activating both the MR and GR.
We then examined the effects of roscovitine on the aldosterone-or dexamethasone-mediated alteration of BDNF mRNA expression in the presence of aldosterone or dexamethasone at 0-, 1-, 4-, 10-, and 24-h time points in these cells (Fig. 5) . Roscovitine, respectively, attenuated aldosterone-and dexamethasone-induced stimula-tion and suppression of BDNF mRNA expression ( Fig.  5A ). Roscovitine suppressed mRNA expression of p75NTR at baseline, whereas it weakly affected their mRNA expression in the presence of aldosterone or dexamethasone. Roscovitine did not alter TrkB mRNA expression either in the presence or absence of these hormones. At the level of protein expression, roscovitine inhibited aldosterone-or dexamethasone-induced increase/ reduction of the BDNF level in the medium, consistent with our results examining its mRNA expression ( Fig. 5B ). To confirm these results obtained with roscovitine, we transfected rat primary cortical neuronal cells with CDK5 small interfering RNA (siRNA), and examined their BDNF mRNA expression. As expected, knockdown of CDK5 influenced the effects of dexamethasone and aldosterone on BDNF mRNA expression in a similar fashion as roscovitine, whereas knockdown of the cAMP response element-binding protein 1 (CREB1), which also plays an important role in the regulation of BDNF expression (38) , had no such effect (Fig. 5C ), further indicating that our results obtained with roscovitine are caused through the inhibition of CDK5 by this compound.
Discussion
We demonstrated that CDK5 interacted with MR at its LBD through its activator p35 in a ligand-dependent fashion, phosphorylated this receptor at serines 128 and 250 and threonine 159, and modulated its transcriptional activity. These serine and threonine residues are located in the activation domain of the MR NTD (36) . Because the modes of CDK5 for modulating the MR activity are similar to those of GR, it is likely that CDK5 positively and negatively alters MR-induced transcriptional activity by differentially affecting interaction of cofactors to this activation domain similarly to its effect on the GR. It is also likely that this effect of CDK5 is promoter specific and, possibly, tissue specific (25) . We examined the potential biological relevance of CDK5-mediated regulation of MR-and GR-induced transcriptional activity by focusing on the neurotropin BDNF and found that aldosterone/MR and dexamethasone/GR, respectively, increased/suppressed the expression of BDNF in the rat primary cortical neuronal cells. Importantly, the endogenous glucocorticoid corticosterone, which activates both MR and GR (11), demonstrated a biphasic effect on the BDNF expression in rat primary cortical neuronal cells, stimulating it in lower concentrations relevant to its physiological circulating levels, whereas suppressing it in higher concentrations encountered under stress or with use of exogenous glucocorticoids (11) . The CDK5 inhibitor roscovitine suppressed their ef-fects, suggesting that CDK5 further enhanced the positive and negative effects of MR and GR on the expression of BDNF, respectively.
GR and MR mediate the numerous CNS effects of endogenous glucocorticoids, cortisol and corticosterone, in humans and rodents, respectively (2, 11) . Cortisol or corticosterone circulates at 2 log units higher concentrations than the natural mineralocorticoid aldosterone, whereas the MR has higher affinity to cortisol than the GR (11) . Thus, basal physiological levels of circulating cortisol fully activate the MR, whereas the GR is affected primarily by elevated levels of cortisol or corticosterone during the circadian surge or during stress. GR is ex-pressed both in neurons and in glial cells of the entire CNS, whereas MR is restrictively expressed in neurons of the hippocampus and amygdala, which do not have the glucocorticoid-inactivating 11␤HSD2 enzyme (2). In the hippocampus, which is a brain region essential for learning and memory, and in the control of emotion and the hypothalamic-pituitary-adrenal axis, these two receptors mediate different and often opposite effects of cortisol/corticosterone (2) . Indeed, the MR mediates enhancement of neuronal excitability, stabilization of synaptic transmission, and stimulation of long-term potentiation (LTP) in CA1 hippocampal cells, whereas simultaneous occupation of both MR and GR results in attenuation of the excitability *, P Ͻ 0.01, n.s., not significant between the two conditions indicated. Bottom panel, HCT116 cells were transfected with plasmids expressing the indicated MR mutants, and levels of MR proteins accumulated in the nucleus after treatment with 10 Ϫ8 M Aldo (top gel) and the control Oct1 (bottom gel) were examined in Western blots using their specific antibodies in the nuclear extracts obtained from these cells. C, CDK5 phosphorylates serines 128 and 250 and threonine 159 in an Aldo-dependent fashion in HCT116 cells. HCT116 cells were transfected with the indicated MR mutant-expressing plasmids together with CDK5-and p25-expressing plasmids and were treated with 10 Ϫ8 M Aldo for 1 h. MRs were immunoprecipitated by anti-MR antibody, and phosphorylated serine (top panel) or threonine (bottom panel) residues of MR by CDK5 were examined in Western blots by using antibody specific to phosphoserine or -threonine residues. D, CDK5 phosphorylates serine and threonine residues in an Aldo-dependent fashion in rat primary cortical neuronal cells. Rat primary cortical neuronal cells were treated with 10 Ϫ8 M Aldo and/ or 20 M roscovitine for 1 h. MRs were immunoprecipitated with anti-MR antibody, and serine-and threonine-phosphorylated MRs (top and bottom gel, respectively) were examined in Western blots by using antibody specific for phosphoserine or -threonine residues. WT, Wild type. and disruption of LTP in these neurons (39, 40) . Previous publications also indicate that MR activation is protective to granular cell neurons of the hippocampus, whereas persistent GR stimulation is toxic to these cells (41, 42) . Thus, both glucocorticoid excess (via the GR) and deficiency (via the MR) cause apoptosis of these cells, leading to memory deficits and alterations in mood and cognition (41) . These observations are supported by several animal studies employing genetic modifications of GR/MR expression in mice (42) (43) (44) (45) (46) .
BDNF is a neurotropin, essential for neuronal viability, growth and differentiation, and synaptic efficacy and plasticity (37, 47) . It stimulates synaptic transmission in hippocampal neurons (48, 49) , whereas BDNF-knockout mice display attenuated LTP in the CA1 region of the hippocampus (50) . This neurotrophic factor also decreases the vulnerability to glucose deprivation and reduces glutamate neurotoxicity in cultured hippocampal neurons (51) . Thus, changes in BDNF levels in the hippocampus are associated with pathological conditions, such as Alzheimer's disease and depression (52, 53) .
We found that aldosterone stimulated BDNF mRNA and secretion in rat primary cortical neuronal cells, whereas dexamethasone suppressed it. These effects were mediated by their receptors GR and MR, respectively. We also found that the endogenous glucocorticoid corticosterone, which activates both GR and MR, demonstrated a biphasic effect on BDNF secretion from rat primary cortical neuronal cells, consistent with a previous report indicating that this steroid regulated BDNF expression in the hippocampus of rats in vivo (54) . Taken together, these pieces of evidence indicate that these steroids might influence neuronal survival, memory formation, and mood through altering BDNF expression in the hippocampal neurons, whereas the endogenous glucocorticoids may have a biphasic effect on BDNF expression, stimulating it at physiological concentrations, whereas suppressing at pharmacological or stress-related concentrations. Furthermore, our results suggest that CDK5 may alter BDNF expression in the hippocampus by changing the transcriptional activity of these receptors. Because aberrant activation of CDK5 is associated with several neurodegenerative disorders including Alzheimer's disease and Parkinson's disease, where BDNF plays a role (55) , it is possible that this kinase plays a role in the pathogenesis of these disorders by modulating BDNF expression in the hippocampus through alteration of GR-and/or MR-induced transcriptional activity on the BDNF gene.
Our results are based largely on the molecular interactions between CDK5 and MR/GR and the transcriptional regulation of the latter by the former at the cellular level in vitro. On the basis of these results, we propose that further studies should be considered in vivo, by studying brain functions, such as memory, mood, and behavior or neuropathological changes in the CNS with aging. Because the CNS GR/MR-BDNF pathways in the hippocampus participate in the regulation of mood (53, 55) , we hypothesize that alterations in CDK5 activity in this and other brain areas might contribute to the pathogen- esis of mood disorders, such as major depression, bipolar disorder, and anxiety disorder, by positively or negatively regulating the activity of endogenous glucocorticoid actions in the brain (6) .
Materials and Methods
Plasmids pcDNAI/Amp-hMR, which expresses the hMR, was a kind gift from Dr. N. Warriar (Centre 71 Recherche, Hô tel-Dieu Québec and Laval University, Québec, Canada). pcDNAI/Amp-hMR S128A, T159A, S250A, S128/S250A, T159/S250A, and S128/T159/S250A, which express the mutant MRs with indicated amino acid replacement, were created by PCR-assisted mutagenesis reactions (Stratagene, La Jolla, CA). pGEX-2T-hMR (1-602) was a kind gift from Dr. Marc Lombès (University of Paris, Le Kremlin-Bicêtre, France). pGEX-4T3-GR (1-490) and pGEX-4T3-GRIP1-NRB, which, respectively, express GSTfused human GR fragment (1-490) and the NRB (amino acids 599-774) of the mouse GRIP1, were previously reported (56) . pcDNA3-CDK5, -CDK5D144N, -p35, and -p25, and pGEX-4T3-CDK5, -p35, and -p25 are also previously reported (25) . pMMTV-luc and pGL4.73-RLuc, which, respectively, express firefly luciferase under the control of glucocorticoid-responsive, four glucorticoid response element-containing mouse mammary tumor virus promoter and the Renilla luciferase under the control of the Simian virus 40 promoter, were donated from Dr. G. L. Hager (National Cancer Institute, Bethesda, MD) and purchased from Promega Corp. (Madison, WI), respectively. pcDNA3 and pGEX-4T3 were purchased from Invitrogen (Carlsbad, CA) and GE Healthcare Bioscience Corp. (Piscataway, NJ), respectively. pLexA-MR (1-984), -MR (1-602), -MR (602-670), or -MR (668-984), which express full-length (FL), NTD, DBD, and LBD of the human MR fused to the LexA-activation domain, were constructed by subcloning the corresponding MR cDNA sequences into pLexA (ClONTECH Laboratories, Inc., Palo Alto, CA). pB42AD-p35 (1-307), -p35 (90-307), -p35 , and -p35 (190-307) and p8OP-LacZ were described previously (25) . pLexA-GRIP1-C, -GRIP1-NRB, and -GRIP1-FL and -HDAC3 were produced by subcloning, respectively, the cDNA fragments encoding amino acids 594-774, 740-1217, and 1-1462 of the mouse GRIP1 (56), and the human HDAC3 (57) into pLexA.
Cell cultures and transfections
MR-deficient human colon carcinoma HCT116 cells were maintained in McCoy's 5A medium supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 g/ml of streptomycin, respectively. HCT116 cells were transfected with the indicated amounts of CDK5-and/or p35-related plasmids, 0.2 g/well of MR-related plasmids together with 1.5 g/well of pM-MTV-Luc and 0.5 g/well of pGL4.73-RLuc. Primary cultures of rat cortical neuronal cells were prepared from embryonic d 18 (E18) rat fetuses and were cultured in the Neurobasal medium and B27 supplement (Invitrogen) containing 100 U/ml of penicillin, 100 g/ml of streptomycin, and 2 mM glutamine, as described previously (25) . After 7 d of culture, these cells were treated with 10 Ϫ8 M of aldosterone, 10 Ϫ6 M of eplerenone, 10 Ϫ6 M of dexamethasone, 10 Ϫ5 M of RU 486 and/or 20 M of roscovitine (Sigma-Aldrich, St Louis, MO), and were used for the coimmunoprecipitation or chromatin-immunoprecipitation assays or purification of total RNA for mRNA quantification. Eplerenone was a kind gift from Pfizer, Inc. (Groton, CT). Rat cortical neuronal cells were also transfected with CDK5, CREB1, or control siRNAs (Applied Biosystems/Ambion, Austin, TX) with Lipofectamin 2000 (Invitrogen) and were treated with 10 Ϫ8 M of aldosterone or 10 Ϫ6 M of dexamethasone. 35 S-labeled human MR was generated by in vitro translation using pcDNAI/Amp-hMR, and was tested for interaction with GST-CDK5, -p35, or -p25, immobilized on glutathione-sepharose beads in the presence or absence of 10 Ϫ6 M of aldosterone, as previously described (25) . After vigorous washing with the buffer, proteins were eluted and separated on 8% SDS-PAGE gels. Gels were fixed, treated with Enlighting (NEN Life Science Products, Inc., Boston, MA), dried, and exposed to film.
GST pull-down assay
Yeast two-hybrid assay
The yeast two-hybrid assay was performed with the LexA system (CLONTECH), as previously described (58) . The ␤-galac- tosidase activity was normalized for O.D. value at 600 nm. Fold induction was calculated by the ratio of adjusted ␤-galactosidase values of transformed cells cultured in the presence of galactose/raffinose vs. those in the medium containing glucose.
Coimmunoprecipitation assay and Western blot
Rat primary cortical neuronal cells were treated with 10 Ϫ8 M aldosterone or vehicle for 2 h. Cells were lysed in buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% NP-40, 0.5% sodium deoxycholate, and 1Tab/50 ml Complete Tablet, and coimmunoprecipitation was carried out as previously described (25) . Proteins were immunoprecipitated by anti-MR (C-19), -GR (P-20), or -CDK5 (C-8) antibody or control rabbit IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and the protein-antibody complexes were collected with Protein Agarose A/G PLUS (Santa Cruz Biotechnology, Inc.). Associated proteins were separated in 4 -20% SDS-PAGE gels and blotted on nitrocellulose membranes, and MR-associated CDK5 and p35 or CDK5-associated MR and GR were detected by anti-CDK5 (C-8), -p35 (C-19), -MR (C-19), and -GR (P-20) antibodies, respectively (Santa Cruz Biotechnology, Inc.). To evaluate endogenously or exogenously expressed MR, GR, CDK5, p35, and ␤-actin, 10% of cell lysates used in the coimmunoprecipitation reaction were run on SDS-PAGE gels, and Western blots were performed by using their specific antibodies (Santa Cruz Biotechnology, Inc.). Nuclear extracts were prepared from whole homogenates of HCT116 cells transfected with MR-, CDK5-and/or p25-expressing plasmids and treated with 10 Ϫ8 M of aldosterone for 1 h, as previously reported (58, 59) . Nuclear accumulated MRs were subsequently examined in Western blots by using anti-MR (C- 19) antibody. Oct1 was used as a positive control for the nuclear fraction as previously reported (58) . To evaluate phosphorylation of serine or threonine residues of MR by CDK5, rat primary cortical neuronal cells or HCT116 cells transfected with wildtype or mutant MR-expressing plasmids together with those expressing CDK5 and p25 were treated with 10 Ϫ8 M of aldosterone or vehicle for 1 h, and cell lysates were produced as described above. MRs were immunoprecipitated by anti-MR antibody or control rabbit IgG, and phosphorylated serine or threonine residues of MR by CDK5 were examined in Western blots by using the antibodies specific to phosphoserine (16B4) or phosphothreonine (1F11) residues (Santa Cruz Biotechnology, Inc.).
In vitro phosphorylation of GST-hMR (1-602) by CDK5 and subsequent mass spectrometry analyses
Culture (ϳ 1 liter) of the BL21 bacteria transformed with pGEX-2T-hMR (1-602) or pGEX-4T3-GR (1-490), and GST-hMR (1-602) and GST-hGR (1-490) proteins were purified by using the Glutathione Sepharose GSTrap 4B columns (GE Healthcare Bioscience Corp.). These proteins were mixed with 10 ng of active CDK5 and p35 (Millipore Corp., Billerica, MA) in a buffer containing 20 mM HEPES (pH 7.4), 1 mM EDTA, 10 mM MgCl 2 , 0.2 mM dithiothreitol, and a protease inhibitor cocktail (2 l) in a final volume of 50 l (25). The reaction was started by addition of 100 M ATP and incubated at 30 C for 30 min. The samples were buffer exchanged into 25 mM NH 4 HCO 3 by using 30K Nanosep Centrifugal Devices (Pall Corp., East Hills, NY). They were then dried in the SpeedVac System (ThermoSavant Corp., Holbrook, NY) and were taken up in 8 M urea/0.4 M NH 4 HCO 3 for reduction (by dithiothreitol) and alkylation (by iodoacetamide) according to the stan-dard protocol (60) . After diluting the samples into 2 M urea/0.1 M NH 4 HCO 3 with water, half of each sample was digested with trypsin and half with chymotrypsin overnight at 37 C. Digested samples were then acidified with trifluoroacetic acid, combined, and cleaned up in the OASIS HLB media (Waters Corp., Milford, MA). Eluted digests were dried in the SpeedVac system and were subjected to enrich the phosphorylated peptides by the TiO 2 chromatography, according to the method of Wu et al. (61) . Phosphopeptide-enriched samples were finally analyzed with liquid chromatography /tandem mass spectroscopy (MS/MS) on an LTQ XL mass spectrometer (Thermo Electron Corp., San Jose, CA) where the instrument was set up to acquire a full survey scan followed by a collision-induced dissociation MS/MS spectrum on each of the top 10 most abundant ions in the survey scan. MS/MS Spectra were searched by using the SEQUEST program (Thermo Electron, Inc.) against a FASTA database, which consists of sequences of the pertinent protein and several decoy protein to identify phosphopeptides and specific phosphorylation sites.
SYBR Green real-time PCR for quantification of mRNA
Rat primary cortical neuronal cells were incubated with 10 Ϫ8 M aldosterone, 10 Ϫ6 M of dexamethasone, 10 Ϫ6 M of eplerenone, 10 Ϫ5 M of RU 486 and/or 20 M roscovitine for the indicated time periods. After the incubation, total RNA was purified from these cells by using the RNeasy Mini kit (QIAGEN, Inc., Valencia, CA), treated with deoxyribonuclease (Promega), and were reverse transcribed to cDNA with the TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA). The real-time PCR was performed in triplicate using the SYBR Green PCR Master Mix (Applied Biosystems) in the 7500 realtime PCR System (Applied Biosystems), as previously described (25) . The primer pairs used for measuring mRNA levels of BDNF, TrkB, p75NTR, CDK5, p35, and CREB1 are shown in Table 3 . The obtained Ct (threshold cycle) values of these molecules were normalized for those of the acidic ribosomal phos- Forward GAGAAGACCTCTTTCTTC Reverse CAACATGTTCAGCAGTGTG phoprotein P0 (RPLP0), and their relative mRNA expressions were demonstrated as fold induction to baseline. The dissociation curves of primer pairs used showed a single peak and samples after PCRs had a single expected DNA band in an agarose gel analysis (data not shown).
Measurement of BDNF secreted into media
Rat cortical neuronal cells were incubated with 10 Ϫ8 M aldosterone, 10 Ϫ6 M dexamethasone, 10 Ϫ6 M eplerenone, 10 Ϫ5 M of RU 486 or indicated concentrations of aldosterone, corticosterone, or dexamethasone and/or 20 M of roscovitine for the indicated time periods. After the incubation, medium was collected and BDNF levels were determined by using the ChemiKine BDNF Sandwich ELISA Kit (Millipore Corp., Bedford, MA).
Statistical analysis
Statistical analysis was carried out by unpaired Student's t test with the two-tailed P value.
